A transcription factor desinated Si was recently purified from mmalan cells and shown to regulate the activity of the RNA polymerase I elongation complex. s5]m is a heterotrimer composed of -"110-, 18-, and 15-kDa polypeptides and is capable of increasing the overall rate of RNA chain elongation by RNA polymerase II by suppressing transient pausing of polymerase at multiple sites on the DNA template. Here we describe the molecular cloning and characterization of a cDNA encoding the functional 15-kDa subunit (p15) RNA polymerase II is also a target for the action of transcription factors that regulate the elongation stage of mRNA synthesis (7, 8) . These factors fall into at least two functional classes. One class, which includes the type 1 human immunodeficiency virus (HIV-1)-encoded Tat protein and transcription factor SII, has been shown to promote read-through of RNA polymerase II through a variety of transcriptional impediments. Assisted by as yet unidentified cellular proteins, Tat promotes read-through of RNA polymerase II through the HIV-1 attenuation site. The Tat protein functions at least in part through interactions with an RNA hairpin formed by the transactivation response element present in the nascent HIV-1 polyprotein gene transcript. SII is a 38-kDa protein (9) that binds RNA polymerase II and promotes read-through of polymerase through specific attenuation sites in a variety of genes including the histone H3.3, adenovirus 2 major late (AdML), and adenosine deaminase genes. Interaction of SII with the RNA polymerase II elongation complex activates a latent ribonuclease activity that shortens nascent transcripts from their 3' ends; shortened transcripts remain in the polymerase active site and can be reextended (10) . It is believed that this reiterative process of shortening and reextending growing RNA chains is required for efficient read-through of polymerase through blocks to transcription elongation. A number of additional attenuation sites that appear to play a crucial role in controlling gene expression have been identified near the 5' ends of the Drosophila hsp7O and human c-myc genes. The nature of the transcription factors that enable RNA polymerase II to traverse these sites, however, has not been established.
peptide with a calculated molecular mass of 12,473 Da and an electrophoretic mobility indi hable from that of the natural p15 subunit. When combined with the 110-and 18-kDa Sm subunits, bacterially expressed p15 efficiently replaces the natural p15 subunit in reconstitution oftranscriptionally active Sm. A homology search revealed that the amino-terminal half of the Sm p15 subunit shares significant sequence slmllarity with a portion of the RNA-binding domain of Escherichia coli transcription termination protein p and with the E. coli NusB protein, sugg that sm may be evolutionarily related to proteins involved in the control of transcription elongation in eubacteria.
The expression of a large fraction of eukaryotic proteincoding genes is controlled by the action of transcription factors that regulate the activity ofRNA polymerase II during mRNA synthesis. At least three distinct classes of transcription factors regulate the initiation stage of mRNA synthesis. The general initiation factors TFIIB, TFIID, TFIIE, TFIIF, and TFIIH are sufficient to promote selective binding of RNA polymerase II to the core regions of a large number of promoters and to direct a basal level of transcription (1, 2) . DNA-binding transcriptional activators, which include glutamine-rich activators such as Spl, proline-rich activators such as CTF/NF1, and acidic activators such as GCN4, are not essential for basal transcription but control the rate of initiation by RNA polymerase II from the core promoter (3) . Mediators or coactivators are essential for transcriptional activation and appear to mediate the action of DNA-binding transcriptional activators on the basal transcriptional apparatus (4) (5) (6) .
RNA polymerase II is also a target for the action of transcription factors that regulate the elongation stage of mRNA synthesis (7, 8) . These factors fall into at least two functional classes. One class, which includes the type 1 human immunodeficiency virus (HIV-1)-encoded Tat protein and transcription factor SII, has been shown to promote read-through of RNA polymerase II through a variety of transcriptional impediments. Assisted by as yet unidentified cellular proteins, Tat promotes read-through of RNA polymerase II through the HIV-1 attenuation site. The Tat protein functions at least in part through interactions with an RNA hairpin formed by the transactivation response element present in the nascent HIV-1 polyprotein gene transcript. SII is a 38-kDa protein (9) that binds RNA polymerase II and promotes read-through of polymerase through specific attenuation sites in a variety of genes including the histone H3.3, adenovirus 2 major late (AdML), and adenosine deaminase genes. Interaction of SII with the RNA polymerase II elongation complex activates a latent ribonuclease activity that shortens nascent transcripts from their 3' ends; shortened transcripts remain in the polymerase active site and can be reextended (10) . It is believed that this reiterative process of shortening and reextending growing RNA chains is required for efficient read-through of polymerase through blocks to transcription elongation. A number of additional attenuation sites that appear to play a crucial role in controlling gene expression have been identified near the 5' ends of the Drosophila hsp7O and human c-myc genes. The nature of the transcription factors that enable RNA polymerase II to traverse these sites, however, has not been established.
A second class of transcriptional elongation factors, which includes TEIIF (11, 12) and SIII (13, 14) , has been shown to increase the overall rate of RNA chain elongation by RNA polymerase II. In view of evidence indicating that purified RNA polymerase II lacks the capacity to catalyze RNA synthesis in vitro at rates greater than 50-100 nucleotides per min (see, for example, ref. 15) , whereas mRNA synthesis in vivo proceeds at rates of 1200-1500 nucleotides per min (16, 17) , transcriptional elongation factors that increase the overall rate of RNA chain elongation may be vital for timely expression of many eukaryotic genes, such as the "mammoth" dystrophin gene, which spans more than 2 megabases (Mb) of chromosomal DNA (18) , and the Drosophila antennapedia (100 kb), ultrabithorax (70 kb), and ecdysoneinduced E74A (60 kb) genes, whose expression is precisely timed during development (19) . TFIIF is a multisubunit protein composed of %30-and 70-kDa subunits in higher eukaryotes (2) and of 30-, 54-, and 105-kDa subunits in yeast (20) . We recently identified and purified mammalian transcriptional elongation factor SIII and demonstrated that it is a heterotrimer composed of lw110-kDa, 18 -kDa, and 15-kDa subunits (13) .
In this report, we describe the isolation, structure, and expression of a full-length cDNA encoding the functional 15-kDa subunit (p15) of SIII §. Molecular cloning of the SIII p15 subunit led to the discovery that it shares significant sequence similarity with Escherichia coli transcription termination protein p and the E. coli NusB protein, which both regulate the activity of the E. coli RNA polymerase elongation complex (21) (22) (23) . Here we present these findings, which Abbreviation: AdML, adenovirus 2 major late. to whom reprint requests should be addressed.
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suggest a relationship between transcriptional elongation factors from eubacteria and eukaryotes.
MATERIALS AND METHODS Isolation of cDNA Encoding the sm p15 Subunit. SIII was purified to near homogeneity from rat liver nuclear extracts (13) . Approximately 300 pmol of the SIII p15 subunit was isolated by reverse-phase HPLC (13) . After reduction, S-carboxyamidomethylation, and digestion with trypsin, the resultant mixture was further fractionated by microbore HPLC. Optimal peptides were determined by differential UV absorbance and matrix-assisted laser desorption mass spectrometry (Lasermat; Finnigan-MAT, San Jose, CA) and then submitted to automated Edman microsequencing (see Fig. 1 ) (24) . A partial cDNA encoding residues 51-97 of the SIII p15 polypeptide was isolated by PCR using as primers the sense and antisense degenerate oligonucleotides 5'-CARTTYGC-NGARAAYGARAC-3' and 5'-GGNGCDATNGGRAAY-TCNGG-3', which encode residues [8] [9] [10] [11] [12] [13] [14] of tryptic peptide II and residues 9-15 of tryptic peptide IV, respectively (R is A or G; M is A or C; Y is C or T; D is A, G, or T; and N is A, C, G, or T (27) . The entire SIII p15 coding sequence was introduced into M13mpET, which contains the complete pET T7 transcription/expression region (28) . A 100-ml culture of E. coli strain JM109(DE3) (Promega) was grown to an OD600 of 0.6 in SOB medium (25) containing 2.5 mM MgCl2 at 37°C with gentle shaking. Cells were infected with M13mpET carrying the full-length SIII p15 cDNA at a multiplicity of infection of 10-20. After an additional 2 hr at 37°C, cells were induced with 0.4 mM isopropyl ,B-D-thiogalactoside and the culture was incubated an additional 2.5 hr. Cells were harvested by centrifugation at 2000 x g for 10 min at 4°C, and inclusion bodies were prepared as described (29) (Fig. 3, lanes 3 and 4) .
As shown in Fig. 4 , the bacterially expressed SIII p15 subunit is transcriptionally active. Various combinations of bacterially expressed p15 and the SIII p110 and p18 subunits, purified from rat liver, were renatured and tested for their ability to stimulate the rate of elongation of RNA chains initiated at the AdML promoter. In this experiment, preinitiation complexes were assembled at the AdML promoter, renatured SIII subunits or native rat S111 were added to reaction mixtures, and transcription was initiated by addition of 50 ,uM ATP, 50 ,uM GTP, 10 (compare lanes 16 and 18) . As shown in lanes 4-13, comparable synthesis offull-length run-offtranscripts was observed when transcription was carried out in the presence of native SIII, purified from rat, or of SIII reconstituted with recombinant p15, rat p18, and rat p110. In contrast, almost no stimulation of full-length run-off synthesis was observed when transcription was carried out in the presence ofthe SIII p18 and p110 subunits, renatured in the absence of recombinant p15 (lanes 1-3) (Fig.  SB) . As determined by the GAP program of the Genetics Computer Group package, the two proteins are 34% identical, 56%o similar, and have an alignment score of 6.4 SD within this %60 amino acid region of similarity. The p factor region similar to p15 includes the carboxyl-terminus of the RNA-binding domain (D. Modrak and J. P. Richardson, personal communication) and sequences believed to be involved in coupling RNA binding and ATPase (22) . Interestingly, the SIII p15 region similar to p factor shares a short stretch of sequence similarity with E. coli transcription elongation factor NusB (Fig. SC) . It is noteworthy that both p factor and NusB interact with the E. coli RNA polymerase elongation complex and are believed to function through interactions with the nascent transcript (21-23).
The SIII p15 polypeptide has several notable structural features besides the region of similarity to p factor. Based on its deduced amino acid sequence, p15 has a net negative charge and a predicted isoelectric point of 4.6; it has no noteworthy clustering of acidic or basic residues (Fig. SA) . Hydropathy analysis indicates that p15 is largely hydrophilic except for its hydrophobic carboxyl-terminal tail. The ChouFasman (34) and Garnier (35) algorithms both predict that the carboxyl-terminal 18 amino acids of p15 have a high probability offorming a short a-helix nucleated by a proline residue at position 94. This region is rich in hydrophobic amino acids that lie on one side of the predicted a-helix (Fig. SD) and therefore has the potential to form a coiled-coil interaction domain analogous to those found in leucine zipper sequences (36, 37) . A similar short carboxyl-terminal helix with potential to form a coiled-coil has been shown to play a central role in protein-protein interactions involved in microtubule bundling (38) . In addition, the p15 amino terminus has high surface probability and, by the criteria of Leszczynski and Rose (39) , may adopt an fi loop structure. fi loops, which are found on the surface of a large number of proteins, are proposed in many cases to play important roles in protein function and biological recognition (39) DISCUSSION A growing body of evidence suggests that the elongation stage of mRNA synthesis is a major site for the regulation of gene expression in eukaryotes (7, 8) . In the process of investigating the mechanism of promoter-specific transcription by mammalian RNA polymerase II, we recently identified and purified a transcriptional elongation factor designated SIII. SIII is a heterotrimer composed of 110-, 18-, and 15-kDa polypeptides (13) report, we describe molecular cloning of a cDNA encoding the functional 15-kDa subunit (p15) of SIII. Analysis of its deduced amino acid sequence reveals that the p15 subunit shares significant sequence similarity with an =60-aminoacid region of E. coli transcription termination protein p as well as with a short stretch of sequence in the E. coli transcription elongation factor NusB. p factor controls the activity of the E. coli RNA polymerase elongation complex by binding to the nascent transcript and causing transcription termination at specific p-dependent termination sites (21, 22) . p factor is an RNA-dependent ATPase and uses the energy of ATP hydrolysis to dissociate RNA polymerase from the DNA template. The p-factor region similar to the SIll p15 subunit includes the carboxyl-terminal portion of the p factor RNA-binding domain (D. Modrak and J. P. Richardson, personal communication) as well as sequences believed to function in allosteric coupling of RNA binding and ATP hydrolysis (22) . NusB, which functions as an antitermination protein, binds to E. coli ribosomal protein S10 to form a heterodimeric complex that is capable of binding RNA (23) . The NusB-S10 complex interacts with RNA polymerase, nascent RNA, and a set of other elongation factors to promote read-through of polymerase through p factordependent termination sites. Whether the short NusB sequence similar to p15 participates in RNA binding is presently unknown.
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